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Abstract
Title of Dissertation:

The feasibility of utilizing Hydrogen Fuel cell, wind,
and solar power on bulk carrier for propulsion.

Degree:

Master

A glimpse into nature's behavior proves that these days the world faces one of the worst
disasters. The side effects of climate change such as floods, wildfires, and other natural
disasters show that the global community does not have any more time to postpone the
use of new technologies (renewable and clean energies) in order to cut emissions.
This research assessed and focused on the combination of Green Hydrogen with wind
and solar energy on bulk carriers on five main routes to compare the power production
and power requirement and find a feasible model. The main objective of this research
was the technical assessment of utilizing these technologies on-board to be zeroemissions. The calculation of power production and power requirement also defining
a proposed model proved that the vessels could use these technologies – without
conventional fossil fuels- for propulsion in specific routes and conditions. Despite the
fact that the power generated by hydrogen fuel cells (HFC) is almost the main source
of power in this research and can provide the total required power in some routes alone,
the range of vessels that are able to sail without any conventional fossil fuels can be
increased by combining this power source with other renewable energy sources (wind
and solar power). From a different perspective, the integration of these three
technologies will enable the ships to sail longer routes due to increased power
generation on board. HFC power production remarkably depends on hydrogen storage
capacity; firstly, the vessels are not able to sail longer routes because of the limited
hydrogen storage capacity; secondly, on a specific route, bigger vessels are more
capable to benefits from these technologies because of higher bunker capacity. The
final result of the calculation shows that the route distance, speed, and ship’s size are
the most influential parameters that should be considered.
Key words: Solar panels, wing sails, hydrogen fuel cell, bulk carrier, zeroemissions
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1. CHAPTER 1: Introduction
1.1.

Background

Nature's actions demonstrate that the world is currently experiencing one of the worst
tragedies. Increasing the use of fossil fuels in recent years, due to industrialization and
population growth, has caused a huge misbalance in the amount of GHG (Greenhouse
Gas) in the atmosphere, leading to trapping thermal energy of the sun, warming global.
According to the statistics, the economic damage by natural disasters had been less than
$1 billion in 1950, while it has dramatically increased to $100 billion in 2019, including
flood, wildfire, drought, and extreme weather (EMDAT, 2020) (Figure 1).
Figure 1 - Economic damage by natural disaster type, 1900 to 2019

Source: EMDAT (2020)
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The marine transportation industry with about three percent contribution in GHG emission
needs global cooperation in order to present new technologies and solutions to reduce
emission in this sector. Forth IMO GHG study declared the shipping GHG emission has
escalated from 997 million tones in 2012 to 1076 million tones in 2018 (more than 9%
growth) because the global maritime trade has increased (Joung et al., 2020). Thus, the
contribution of GHG emissions of global shipping increased from 2.76% to 2.89%. IMO
2020 predicted that the portion of GHG emission will have increased to around 8% by
2050 due to trade and population growth. Consequently, marine industry sections
especially shipping needs to consider new technologies and solutions in order to
decarbonize fleets (Joung et al., 2020). IMO initial GHG strategy adopted in 2018
maintained that firstly, the annual 𝐶𝑂2 emission from global shipping should be decreased
40% by 2030 and 70% by 2050 compared to 2008; secondly, the annual GHG emissions
from shipping section should be reduced 50% by 2050 compared to 2008 (Joung et al.,
2020).
There are several alternatives for fossil fuels in transportation, industries, and households.
Many studies have been recently done, and companies have introduced different solutions
such as alternative fuel, renewable energy, performance management, new hull design,
etc. It is obvious to the global community that the first and the most effective solution for
decreasing GHG emission is using renewable energy instead of fossil fuels (Chiog et
al.,2021).
Wind is one of the options that people tried to utilize in their activity beneficially. After
industrialization, due to the rapid growth of marine transportation in the last century,
companies started using fossil fuel to speed up their ships and consequently increased the
international trade volume (Keller et al., 2012). Before the steam ship’s introduction, the
trade by ships depended on wind patterns, and by inventing the steam ships (1850-1900)
the shipping cost and time were remarkably reduced (Pascali, 2014). Two centuries after
the first coal-powered steamships crossed the Atlantic Ocean, some companies and
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shipping lines are planning a futuristic throwback: a huge, wind-driven cargo ship that
could help end the fossil fuel era and also limit climate change.
On the other hand, solar power has been facilitated through photovoltaics (PV), also called
solar cells, which are electronic devices that convert sunlight directly into electricity.
Around 173 000 TW of solar energy is available on the Earth without stopping, nearly 10
000 times the global energy consumption, which in theory, the 8% of Sahara Desert area
or 1.5% of Pacific Ocean area can meet this amount of energy by using solar panels and
wind power generator correspondingly (Wijk et al, 2018). All advances in this fastevolving technology are available for maritime transport use, although there are some
limitations such as lack of sufficient deployment area for the PV panels and the energy
storage.
Green Hydrogen is the next potential fuel that can help to curb and reduce GHG emissions.
Hydrogen’s (𝐻2 ) physical properties are well known: it is the smallest atom and the
lightest gas in the world with high heating value which can be created by water and
electricity. These characteristics and global shifting of regulation to decarbonization
encourage investors to invest in and use this gas as a clean fuel.
This research will assess and focus on the combination of Green Hydrogen with wind and
solar energy on bulk carriers in different routes to compare and find the feasible model.

1.2.

Problem statement/Motivation

Climate change and global warming have had a lot of negative effects on economy,
society, and the environment; for example, as mentioned earlier the economic damage of
natural disasters is dramatically increasing due to climate change.
Although using wind, solar energy, and green hydrogen will considerably reduce the GHG
emissions, the efficiency will be decreased due to some disadvantages that will be
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explained in next chapter. As a result, finding the most efficient combination can
significantly encourage shipping companies to apply this combination (solar, wind, and
Hydrogen fuel cell) on-board. However, wind and solar technology are not far new, so
there are not many ocean-going ships that are occupied with these technologies. In other
words, bulk carrier companies do not know whether this combination (wind, solar, and
Hydrogen fuel cell) is able to propel their ships or not.
On the other hand, the fossil fuel price volatility has a huge effect on shipping business
and freight rate which can easily cause products prices to grow in the market. The
product’s price fluctuation can be almost disappeared by using renewable energy and
green Hydrogen because these energies are available around the world.

1.3.

Aims and Objectives

The aim of this study is to assess the technical feasibility of a combination of green
hydrogen fuel cell (HFC), wind, and solar energy for bulk carriers’ propulsion on different
routes in various weather conditions without compromising cargo capacity. In addition,
the study will achieve the following specific objectives:
I. Determining the effect of distance and speed of routes on power production and
consumption for the proposed hybrid system (combination of solar, wind, and HFC).
II. Developing a formula based on the ship’s specifications and environmental
parameters to determine the vessels with the potential to use the proposed
system (combination of solar, wind, and HFC) and be zero-emission.

1.4.

Research questions
1.4.1.

What kind of technologies are available to utilize on-board for propulsion?
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1.4.2.

How much power is available on bulk carriers by using wind technologies,

solar panels, and HFC in different routes?
1.4.3.

What size of bulk carriers and on which routes can benefit these

technologies (solar, wind, and HFC) to propel without using fossil fuels?
1.4.4.

What parameters can affect the power production and required power, and

how can their efficiency improve?

1.5.

Research scope

Some parameters can positively affect a ship’s energy consumption efficiency, such as
hull design and architecture. Some companies have already presented a new concept of
ship design in order to optimize ship performance for optimal use of renewable energy
and alternative fuels. However, these companies that have started providing new wind,
HFC, and electrolysis technologies prefer not to share their data based on their security
protocols. Therefore, in this research, existing ships design has been considered due to the
lack of information about the design of new ships.

1.6.

Research outline

The purpose of the model is to describe the procedure to find the feasible combination of
energy sources, beginning from the preliminary selection of appealing energy sources and
applying the integration factors in an analytical manner. There are a lot of variables that
can affect ships' voyages such as environmental situation, route, speed, ship design, etc.
In brief, the first step is collecting and analyzing data in order to calculate how much
power is required to sail from point one to two. Then, the study will try to model and
calculate how much energy can be generated by solar, wind, and HFC by assuming
different routes and weather conditions. Finally, the research will discuss the most
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efficient and feasible combination model for different routes based on ships’
specifications. The schematic view of hybrid system is illustrated in figure 2 below.

Figure 2 - Schematic view of concept

This study is organized as follows: chapter 2 presents an overview of energy resources
concepts and techniques, also presents the new trends in the market, then Chapter 3
presents the methodologies used in this research. The calculation of the available produced
power by solar, wind, and HFC also our case studies are introduced in chapter 4. Finally,
the developed solution and result will be in chapter 5.
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2.

CHAPTER 2: Literature review

2.1.

Chapter overview

IMO’s initial GHG reduction strategy, MEPC.304(72), causes considerable emphasis on
innovation, public, and private collaboration to expand better solutions to confronting the
challenge (Joung et al., 2020). As a consequence, research about solutions such as wind
energy (Nyanya et al., 2021; Podeur et al., 2018), Air lubrication (Sindagi et al., 2021),
and efficient hull designs continue to improve, decarbonizing marine transportation.
However, IMO’s comprehensive ambition is to phase out fossil fuels on ships, main
propulsion being the main energy consumer (Baldi et al., 2015). The shipping section has
been recently introducing different technologies and innovations, such as wind, solar,
HFC, batteries systems, to improve energy efficiency and achieve the vision of IMO initial
strategy on reducing GHG emissions (Djelailia et al., 2019).
This chapter will consider all alternative options the capacity of different options will be
presented and their cons and pros will be explained. Finally, wind, solar, and HFC which
are the most potential options for shipping industries will be assessed.

2.2.

Solar panels

2.2.1. Sun light as a source of energy and its capability
Sunlight is one of the most attractive sources that human civilizations have always tried
to use as a free source in order to produce energy. By increasing concern about the impacts
of using fossil fuels such as global warming and climate change, solar panels have been
one of the potential options to reduce GHG emissions. As a result, solar panels have been
proliferated and developed day by day in recent decades. As shown in figure 3, the total
solar power generation in the world has significantly increased from 5.11 TWh in 2006 to
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1023.1 TWh in 2021 (about 20,000 percent growth). Solar systems are straightforward to
install and maintain, because to harness the solar energy, the system only needs a place to
install panels to catch sunlight (Tang, Wu, & Li, 2018). In addition, unstable fossil fuel
prices, new strict GHGs emission regulations, and climate change led shipping companies
to start using new technologies such as solar panels on-board in order to reduce their
emissions (Bukar & Tan, 2019).
Figure 3 - Solar power generation trend 2006 to 2021

Source: Ember (2022)

There are three developed generations of solar panels and each generation has some
subsets. The most famous types of cells are: Monocrystalline, Polycrystalline, Amorphous
silicon (Thin film, a-Si), and Concentrated PV cell (CPV) (Afework, 2018). As shown in
Table 1, the characteristics of these types of cells are different and they have various
efficiency rates, capital cost, weight, etc.
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Table 1 - Characteristics of different type of solar panel – Afework (2018)

Solar cell type

Efficiency
rate (%)
~ 20

Advantages

Disadvantages

Efficient and optimal
for commercial, high
lifespan

Relatively expensive

Polycrystalline
(P-Si)
Thin film
(A-Si)

~ 15

Low cost

~ 7 - 10

Concentrated PV cell
(CPV)

~ 41

Comparatively lower
price, flexibility,
easy production
Very high level of
efficiency

Lower life-time, failure
at high temperature
Low efficiency and lifetime

Monocrystalline
(Mono-Si)

Need extra equipment
for cooling panel and
tracking solar

On the other hand, the Capex and OpEx of the solar system dramatically decreased
recently because of increasing and developing solar technologies around the world which
encourage companies to use solar panels in order to produce electricity power (Figure 4).
Figure 4 - Global average price of solar photovoltaic modules

Source: Lafond et al (2017), IRENA (2020)
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As shown in this chart, the average cost of solar modules was over 4$ per watt in 2006
while it has dropped to around 0.38$ per watt in 2019 (Lafond et al, 2017. IRENA, 2020).
Aside from the modules and considering the economic aspect, a solar system requires
extra equipment such as cables, inverters (to convert DC power to AC) and the mounting
structure. According to GloMEEP 2021, installation price is set to $2.8 to $3.4 per watt
for a large vessel, meaning that an installation of 200 kW would cost from $560,000 to

$680,000. Although the performance of solar panels will be better than oil steam turbines
in terms of GHGs emissions, the cost of installation and operation of PV is still high
(Kannan et al, 2006). The cost is expected to reduce over the time, the same as land solar
farms that have been happened.
Due to notable developments in solar panels and their efficiency, companies started
investing on this technology for ships to assist the main propulsion system in order to
reduce the fuel consumption and the GHGs emission. It is obvious that the amount of
production of electricity by solar panels is directly related to the quality of sunlight
(weather condition), type of panels, number of panels, and maintenance condition.
According to Hassankhani et al 2022, the most important parameters which can affect the
electricity production of solar panels is radiation. This parameter would vary by changing
the latitude and longitude. As shown in figure 5, the photovoltaic power potential in the
world is different by location. Another important parameter is the available space for
installing solar panels (number of cells) on ships.
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Figure 5 - Photovoltaic power potential

Source: globalsolaratlas.info (2022)

2.2.2. Solar energy on-board
Although near coastal vessels are more capable of using 100% electrical propulsion
systems due to shorter routes, solar energy can provide auxiliary electricity such as
accommodation and machineries for larger ships (Jeong et al., 2018). In table 2, the list of
vessels that use solar panels as an assistant for propulsion are presented.
Table 2 - The list of some vessels that use solar panels on-board

Name
SUN21
Planet
Solar
Solar
Voyager
Duffy
London

Ship type

Year

Yacht
Boat

2006
2010

Autonomous
Kayak
Yacht

2016

Other
energies
Generator,
Batteries
-

2020

Batteries
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Solar panels

*

*
*
*

Greenline Yacht

Manufacturer

Soel
Yachts

Manufacturer

Yacht

Generator,
Batteries
Batteries

*
*

In 2007, SUN21, after sailing about 7000 nautical miles across the Atlantic Ocean, arrived
in New York City to illustrate the high potential of solar panels in marine transportation
(Freuler, 2007). The second case that shows solar panels can play an important role in the
maritime industry is Planet Solar with 31m length, 16m width, and 89 tonnes weight which
was the first Round the World tour using solar energy in 2012 (Domjan, 2013). The vessel
Hizir reis case study in Marmara Sea in Turkey with 40.23 meters LOA, 10 meters breath,
327 tonnes gross tonnage, 325 days annual operation, and HFO as main fuel was able to
save over 300,000 US dollar and reduce the GHGs emissions about 3



106 kg 𝐶𝑂2 eq

during her lifespan by installing solar panels (Haibin, 2019). As mentioned earlier and
shown in table 2, the large scale of utilizing solar panels for ocean-going ships has not
been operated yet and it is under research and development.

2.3.

Wind

2.3.1. Wind as a source of energy and its capability
Earth rotation alongside the atmosphere’s heating leads to creating wind, so solar energy
is the source of wind indirectly (Kaygusuz, 2015). As mentioned earlier, one of the
potential solutions to reduce GHG emissions from the shipping section is a throwback to
around 1300 century BCE and used wind energy as propulsion, or at least assisted other
energy sources to propel the ship. Like other technologies, the wind energy sector
developed, and researchers tried to present efficient methods to use wind energy. There
are several options in order to use wind energy on-board. The most efficient of them listed
in Table 3 below, each of which is capable for specific types of ships.
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Table 3 - Different type of wind energy catcher device

Type

Fuel
saving
~16%

Advantages

Disadvantages

Power production
during anchorage
(when ship stop)

Low efficiency

Flettner rotor (Magnus
effect) (Talluri & et al,
2018)

~20%

Easy adjustment
in different
conditions

Capital cost, weight,
need energy for
operating (rotation)

Sky sail (Wang et al.,
2022)

~ 1035%

Lower efficiency

Sails (Mobron, 2014)

~ 2860%

Easy operation,
operate in high
level
High efficiency

Wind turbine (Carlson &
Nilsson, 2015)

Capital cost, need
adjustment for
different wind
conditions

Wind energy, the same as solar energy is a natural phenomenon and the efficiency of wind
power generators directly depends on location and weather conditions because the speed
and direction of the wind are different by changing the latitude and longitude. The mean
wind speed around the world has been shown in Figure 6.
Figure 6 - Mean wind speed

Source: globalwindatlas.info (2022)
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2.3.2. Wind energy on-board
Although wind energy can produce the total energy for propulsion in some locations, a
second propulsion system is required to support it (Huang et al, 2021). Table 4 shows
some vessels (small and medium scale) which used wind energy to assist their propulsion
system.
Table 4 - The list of some vessels that used wind energy on-board

Name

Type of

Year

vessel

Other energy

Wind energy

sources

system

Viking Grace

Cruise ship

2013

Diesel engine

Flettner rotor

E-Ship 1

RoRo

2010

Diesel engine

Flettner rotor

Energy Observer

Boat

2019

Solar, Hydrogen

Wing sail

Shin Aitoku Maru Tanker

1980

Diesel engine

Wing sail

Solar sailor

Passenger

2006

Solar

Wing sail

Jutlandica

Ferry

1996

Diesel engine

Wind turbine

One of the most environmentally friendly cruise ferries in the world is Viking Grace which
has been able to reduce the fuel consumption by 20 % by using Flettner rotor (Viking line,
2021). Similarly, vessel E-ship 1 which is equipped with 4 Flettner rotors is able to save
fuel up to a maximum 25 % in favorable conditions (ENERCON, 2013). The Jutlandica
is a ferry with capacity of 1500 passengers and 550 cars which uses two wind turbines onboard with around 28,000 kwh per year power production (Silverman, 2017).
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The energy balance of the vessel Energy Observer is presented in Figure 7 when the vessel
sailed 3363.9 nm from Kona (Hawaii) to Noumea (New Caledonia). Although the
recorded information on ships shows that the vessels experienced different weather
conditions -tailwinds, crosswinds, and headwinds -, it was able to use wing sails to
produce about 4285 kwh - 63% of power production of the vessel- during her voyage
(Regnier, 2021).
Figure 7 - The energy balance of Energy Observer

Source: Regnier (2021)

Neoline, one of companies that works in this section, wants to achieve its vision by
running trial project vessels in the North Atlantic that will be able to save between 80%
and 90% of fuel consumption while maintaining a competitive and efficient operation
(Neoline, 2021).

2.4.

Alternative fuels

There are different alternative fuel candidates such as liquefied natural gas (LNG),
biofuels, hydrogen, and ammonia; the last three are distinguished as being carbon free
(Al-Enazi et al., 2021). Advantages and disadvantages of these alternatives are discussed
in the following paragraphs.
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Liquefied natural gas (LNG) is greatly an alternative to liquid fossil fuel, albeit it is a fossil
fuel. However, LNG as a fuel can significantly reduce 𝐶𝑂2, 𝑁𝑂𝑋 , PM, and 𝑆𝑂𝑥 emissions
by about 20%, 86%, 96%, and 98% respectively (Bilgili, 2021), the methane slip has led
to reduce its environmentally friendly benefits (Balcombe & et al, 2021). The emission
factor of Methane for LNG is 0.28 g/Mj, while it is 0.0005 g/Mj for HFO and MGO
(Bengtsson & et al, 2011). On the other hand, the 𝐺𝑊𝑃100 Methane is 28, whereas it is 1
for 𝐶𝑂2 (Field and Derwent, 2021). In addition, the social cost factor is 1.75 €/kg for
Methane, while it is 0.0566 €/kg for 𝐶𝑂2 – 31 times more (Bilgili, 2021). Neoclassical
economics defines social cost as the sum of the private expenses associated with a
transaction plus the costs that consumers bear as a result of being exposed to the
transaction but not paid for or invoiced (Field, 1997 & Johnson, 1990).
Ammonia’s toxicity and ignition hesitation are two serious barriers that cause industries
to be more circumspect about this fuel (Klerke et al., 2008. Xing et al., 2021). Ammonia
is known as a highly hazardous substance which can almost kill all marine organisms if it
is spilled to the sea in liquid (Hyungiu et al, 2020). In addition, Verkamp et al, 1967 shows
the minimum ignition energy for air and ammonia mixture is 21.5 times more than air and
propane mixture for internal combustion engine (ICE). Furthermore, because of high level
𝑁𝑂𝑋 emission, an extra exhaust cleaning system (SCR or fuel additive) is required to
mitigate 𝑁𝑂𝑋 emissions, when the ship is using ammonia as a fuel; and it incurs a highcost system (Chiog et al.,2021). It should be noted that the social cost factor of 𝑁𝑂𝑋 is
34.7 €/kg, while it is 0.0566 €/kg and 0.0958 €/kg for 𝐶𝑂2 and CO respectively (Bilgili,
2021).
Biofuels are another type of alternative which have potential to combust in ICE and reduce
𝐶𝑂2 (on life cycle) emission up to 88% (Hyungiu et al, 2020). Although the greatest
advantage of Biofuels is that they usually do not need any specific engine modification
(conventional engines), the production cost of Biofuels is about three times as expensive
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as fossil fuels, and the production is too low and limited (DNV-GL 2018). On the other
hand, Biofuel production can negatively affect the soil quality and food chain (Somerville
2007). Table 5 summarizes pros and cons of different alternative fuels.
Table 5 - Different alternative fuels’ advantages and disadvantages

Alternative
fuel
Hydrogen
(Herdzik,
2021)

LNG
(Yang et al.,
2021)

Advantages

Disadvantages



Zero-emission (with
HFC)
Can be produced
everywhere from
water and electricity
High heating value
Competitive fuel
price
Available
technology and
infrastructure
Can be stored in low
pressure
(~33 bar) in liquid
Can be used in HFC




High fuel price
Must be stored at extremely
low temperature (𝐿𝐻2 ) or high
pressure (𝐶𝐻2 )



Must be stored at insulated
tanks
Cannot comply with 50% 𝐶𝑂2
reduction

Can be carbon
neutral
Compatible with
current engines





High fuel price
Limited production volume
Affect soil quality negatively

Available on
existing vessels with
only minor
modifications



Bigger tank size compared to
LNG
Cost of 𝐶𝑂2 capture required
for production is high







Ammonia
(Epikhin &
Mikhail,
2022)



Biofuel
(Gartland &
Pruyn,
2022)



Methanol
(Deka et al.,
2022)
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Toxicity and environmental
impact when leaked
Need additive when used in
internal combustion engines

2.4.1. Hydrogen
2.4.1.1.

Background and characteristics of hydrogen

Hydrogen’s physical properties are well known, it is the smallest atom and the lightest gas
in the world with high heating value (Emsley, 2011). These characteristics and global
shifting of regulation to decarbonization encourage investors to invest in and use this gas
as a clean fuel. Over 30 nations such as Germany and Netherland have established
hydrogen roadmaps as from the beginning of 2021, the industry has declared more than
200 hydrogen projects and challenging investment plans, and governments around the
world have committed more than USD 70 billion in public funding (McKinsey, 2021).
Global energy transition from 1850 to 2022 and the prediction of global energy trend from
2022 to 2150 are illustrated in Figure 8 based on Hofner 2002.
Figure 8 - Energy trend

Source: Hofner (2002)

Although hydrogen is the most abundant chemical element on the globe, it does not exist
in its pure form in nature (Emsley, 2011). Hydrogen may be produced from a variety of
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sources including water, glycerol, biomass, fossil fuels, etc. but hydrogen production
process from water and electricity is straightforward and environmentally friendly (Dutta,
2014).
When Hydrogen is mixed with oxygen and combusts in ICE or used in HFC, it makes
water; which means the combustion of Hydrogen does not generate or emit any pollutants
(Nohidayah, 2021). Hence the crucial aspect of Hydrogen energy usage in real life is the
production of Hydrogen from low-cost and renewable sources. The literature shows that
hydrogen is seen as the key to sustainable growth and solution to global warming issues
(Gonzalez et al., 2015).
Bicer & Dincer, 2018 and Fernández-Ríos et al., 2022 concluded, albeit from a lifecycle
and not computational approach, significant reductions in GHG emissions with partial
using of 𝐻2 in maritime industry, which is notable considering the current debate around
environmental impacts caused by Hydrogen production.

2.4.1.2.

Different types of hydrogen in terms of production

One of the most important challenges that the industry has recently faced is the production
of Green Hydrogen. Generally, there are three kinds of Hydrogen production: Gray
Hydrogen, Blue Hydrogen, and Green Hydrogen. Companies use fossil fuel for producing
gray and blue Hydrogen, despite the fact that in the gray Hydrogen production process,
the exhaust emissions are released into the atmosphere, and in the blue Hydrogen
production process, the exhaust emissions are stored in cylinders (Hermesmann et al,

2022).
Nowadays over 99 percent of the Hydrogen that the industry produces and uses is gray
and blue Hydrogen – 76% by natural gas and 23% by coal (Hermesmann et al, 2022).
Therefore, using renewable energy such as wind or solar is a solution for producing green
hydrogen. Although some countries have already started funding for research and
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development on green hydrogen production, the production procedure is still not
affordable worldwide (Macedo & Peyerl, 2022). Consequently, the production of
hydrogen from cheap renewable sources is the key factor for hydrogen energy utilization
in real life, also one of the critical concerns among companies. The most important
benefits of hydrogen production by water electrolysis method are: I. produced hydrogen
is green hydrogen, II. hydrogen can be produced everywhere around the world by using
electricity and water, III. the efficiency of the production process is around 65 to 80%, IV.
the purity of hydrogen is about 99.99% (Newborough & Cooley,2020).

2.4.1.3.

Limitation and barriers of using hydrogen as source of

energy on-board
This part will assess the barriers of hydrogen as a fuel on-board from three different
aspects, namely costs, safety, and storage. It is expected that mentioned obstacles will be
reduced over the time, like fossil fuels which had many barriers in the beginning.
A.

Cost:

One of the biggest challenges that industry faces these days is cheap hydrogen production.
Hydrogen should be created from clean, abundant, reliable, and economical energy and
sources to be sustainable and environmentally friendly. (Hosseini et al., 2015). According
to Shaner (2016), hydrogen production by renewable energy seems the most superior
option. However, the cost issue is a barrier for producing hydrogen from renewable energy
on large scales (Gradisher et al., 2015). As shown in table 6, the hydrogen production cost
varies from $1.34 to 21.63/𝐻2 kg for Coal gasification (Kayfeci et al, 2019) with 90%
hydrogen purity (Sciazko & Chmielniak, 2012), $2.08–2.27/𝐻2 kg for steam Methane
reforming (SMR) (Kayfeci et al, 2019) with 70 – 75% hydrogen purity (Lipman, 2011),
$5.89–6.03/𝐻2 kg for water electrolysis wind power (Kayfeci et al, 2019) with 99.99%
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purity (Kruse et al, 2002), and $5.78–23.27/𝐻2 kg depending on the PV system cost
(Kayfeci et al, 2019) with 99.99% purity (Kruse et al, 2002).
Table 6 - Hydrogen production cost

Energy source

Cost ($/𝐻2 kg)

Purity (%)

Coal gasification

1.34 – 21.63
(Kayfeci et al, 2019)

90
(Sciazko
&
Chmielniak, 2012)

Steam Methane
reforming

2.08 – 2.27
(Kayfeci et al, 2019)

70 – 75
(Lipman, 2011)

Wind power
(electrolysis)

5.89 – 6.03
(Kayfeci et al, 2019)

99.99
(Kruse et al, 2002)

Solar power
(electrolysis)

5.78 – 23.27
(Kayfeci et al, 2019)

99.99
(Kruse et al, 2002)

China is one of the countries that are investing in hydrogen infrastructure in terms of
production, storage, and transport; the proposed roadmap by China EV100 predicted that
supply cost of green hydrogen will be about $6/kg by 2025, $4.5/kg by 2035, and $3/kg
by 2050 (EV100,2020). According to literature, the lowest production cost of hydrogen
(coal gasification method) is competitive with fossil fuel prices (Alazemi & Andrews,
2015).
The levelized cost of hydrogen (LCOH) for hydrogen generation by using PEM
electrolysers in UK offshore section with wind power illustrates the prediction of
hydrogen production cost is bright, since the green hydrogen price is 11 €/MWh and
cheaper than natural gas (UK offshore, 2020) (Figure 9).
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Figure 9 - Trend in the levelized cost of hydrogen (LCOH) for hydrogen production from PEM
electrolysers based on UK offshore wind power

Source: UK offshore (2020)

B.

Safety:

The next challenge for using hydrogen as a source of energy on-board is safety issues,
similar to fossil fuels’ safety issues in the early years (FCHEA, 2013). Although hydrogen
is a non-toxic gas, environmentally safe, and without radiation, it can be highly dangerous
when it burns because of colorless and invisible flame (Barbir, 1999).
In one hand, Hydrogen has lower ignition energy (about 0.02 mj) than gasoline and
Methane (0.24 and 0.29 mj respectively) (Zini & Tartarini, 2011). On the other hand, the
explosive limit for hydrogen in air is substantially higher, ranging from 18.3 to 59% by

volume, while it is 1.1 to 3.3% for gasoline and 5.7 to 14% for natural gas (FCHEA, 2013).
Hydrogen has a far higher self-ignition temperature (585°C) than gasoline (228–501°C)
and natural gas (540°C) (Zini & Tartarini, 2011).
In addition, storage tanks must be properly insulated to prevent boil-off loss to a tolerable
level because of the ultra-low boiling point (20 K) and low heat of vaporization, and
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suitable safety features must be built to handle boiled Hydrogen (vent gas) due to its
massive flammability range with air (Ratnakar et al, 2021). The interaction of these
elements creates several critical issues that must be managed before liquid Hydrogen
(𝐿𝐻2 ) and compressed Hydrogen (𝐶𝐻2 ) technology can be used.
In the case of a leakage, hydrogen is usually safer than other fuels (CEC, 2005), because
it is 14 times lighter than air and can rise to the atmosphere at a speed of 20 m/s (FCHEA,
2013). It should be noted the hydrogen explosion in the open air is nearly impossible
because of its high volatility (Cipriani et al, 2014). Although hydrogen can disappear in
the air easily and quickly, cold burning and increased duration are two hydrogen concerns
when it is stored in liquid form (Barbir, 1999).
C.

Storage:

The main disadvantage of using hydrogen on-board is storage issue because of its low
density (Wang et al, 2021). Depending on application, the hydrogen storage method will
change; Liquid hydrogen, compressed hydrogen, or 2-phase of liquid and gas (Colozza,
2002). When storing hydrogen in liquid form instead of gaseous form, some of the
volumetric size penalties placed on any material containing it are alleviated due to higher
fluid density (Chukwudi & Godfrey, 2021). In fact, the volumetric energy of hydrogen in
liquid phase is still 1.7 times less than LNG; in other words, larger storage tanks should
be installed to achieve the same value of energy if the ship wants to use hydrogen as a
source of energy on-board (Chukwudi & Godfrey, 2021). Undoubtedly, the size and costs
of tanks will decrease by storing hydrogen in liquid form instead of compressed hydrogen

(Wang et al, 2021).
On the other hand, storing hydrogen in gaseous phase is the most economical way to store
hydrogen for most cases (Farzaneh-Gord et al, 2012). Thus, pressure tanks storing
compressed hydrogen gas at high pressure are the most commonly used and explored
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alternative for most gaseous hydrogen storage applications (Mazloomi & Gomes, 2012).
In addition, by pressurizing hydrogen to 700 bars, the gas storage density will increase by
80 to 90 times, although it is still low compared to fossil fuels (Chukwudi & Godfrey,
2021). Table 7 demonstrates the comparison of gravimetric energy density and volumetric
energy density among hydrogen and other fuels.
Table 7 - Volumetric and gravimetric energy densities and flash point of common fuels engineeringtoolbox.com, 2008

Fuel

Gravimetric

Volumetric

energy density

energy density

(MJ/kg)

(Mj/lit)

Liquid Hydrogen

143

10.1

Compressed Hydrogen (700

143

5.6

143

0.0107

LNG

53.6

22.2

Diesel

45.4

34.6

Biodiesel

42.2

33

Ammonia

22.5

12.7

bar)
Compressed

Hydrogen

(ambient pressure)

2.4.1.4.

Various methods of using hydrogen as fuel

There are two ways to use Hydrogen to generate energy; injecting Hydrogen into ICE to
run the engine or using Hydrogen as a fuel for HFC to generate electricity. They are briefly
explained as follows.
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A.

ICE:

Research on Hydrogen engines and vehicles started in 1820 by Cecil (Verhelst et al, 2014).
If pure hydrogen is used as marine fuel, it can be the best solution from an emissions
perspective; the absence of the Carbon component will eliminate 𝐶𝑂2 emission from
combustion, with emission of 𝑁𝑂𝑋 depending on the quality of combustion, and after
treatment (Fernández-Ríos et al., 2022). Similarly, hydrogen can be used in an ICE as
dedicated fuel, bi-fuel, or dual-fuel operation. Many research institutes and government
organizations have begun research-based programs, and some of them have shown the
effectiveness and safety of using hydrogen in an ICE (Karunamurthy & Shinde, 2021). In
addition, while fuel cell systems are able to produce energy at efficiency up to 60% (and
even higher with cogeneration), a conventional ICE typically generates electricity at
efficiency of 33 to 35% (DOE, 2010).
B.

HFC:

Electrochemical devices such as HFC and batteries turn chemical energy into electricity.
The primary distinction between a battery and a HFC is that a battery is a closed system
with energy storage built into the electrode materials, whereas a HFC is an open system
(Chiche et al, 2021). In other words, the HFC may create power as long as it is supplied
by reactants.
Barriers of hydrogen mentioned in previous paragraphs (ICE) cause encourage researchers
and companies to assess the feasibility of utilizing HFC on ships. Although HFC has its
barriers, it seems to be more feasible than ICE considering the efforts of industry to
electrify ships in the future (Ma et al, 2021).
Although there are various types of HFC, the main operation system of all is the same
(Qian et al, 2019). The two most efficient types of HFC are Solid Oxide Fuel Cell (SOFC)
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and Proton Exchange Membrane Fuel Cell (PEMFC) (Schmittinger & Vahidi, 2008). The
main characteristics of different types of HFC are summarized in Table 8.
Table 8 - PEMFC and SOFC characteristics

Type of Operation
HFC
temperature
PEMFC 65 – 85
(Dai et al., 2009)

SOFC

Efficiency

Required fuel

40 – 60
(Tronstad et
al., 2017)

Pure Hydrogen
(Baschuk and Li,
2001)

800
–
1000 50 – 60
(Marefati
and (Tronstad et
Mehrpooya, 2019) al., 2017)

Natural Gas, Diesel,
Hydrogen
(Tronstad et al.,
2017)

The PMEFC is an interesting option compared to SOFC because of several advantages
such as higher compactness, lower noise, higher resistance to vibrations (long life), lower
pollutant emissions, and availability on the market (Rivarolo et al, 2020). However, Ma
et al, 2021, has expounded that the SOFC can be a potential option for larger vessels such
as cargo ships.
Madsen et al, 2020 has modeled a coastal research vessel which uses HFC as the main
propulsion system. This vessel is called Zero-V with 56 feet beam, 170 feet length, 12 feet
draft, and 10 knots service speed which is equipped with two liquid hydrogen tanks (10900
kg total capacity) and PEMFC fuel cell, providing maximum 1800 kw during her voyages

(about 2400 nautical miles in 15 days) (Madsen et al, 2020). Madsen et al, 2020
maintained that considering waves analysis, both pollutants (𝑃𝑀10 , 𝑁𝑂𝑥 , HC) and GHGs
are dramatically reduced around 91.4% compared to a same vessel with conventional fuel.
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Inal & Deniz, 2020 presented that HFC with lower operation temperature is safer than
HFC with high operation temperature. Many studies have been done in order to use HFC
technology in maritime transportation (Sunden, 2019). For instance, Sapra et al. 2021,
focused on the combination of ICE and HFC for ocean going ships. Similarly, Ahn et al.
2018, presented a hybrid system for ships which use generators, SOFC and gas turbine
together on-board. In another project, Díaz-de-Baldasano et al. 2014, investigated the
integration of diesel generator and SOFC in small scale for a supply vessel and found that
HFCs are able to provide 20% of total required power.
The combination of HFC with other renewable energies (wind and solar) will be one of
the most potential solutions to decarbonize shipping fleets completely.
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3.

CHAPTER 3: Methodology

3.1.

Research design

The methodology of the research is proposed in this chapter in order to achieve the
objectives of the research. The main objectives of the research are calculating: I. Total
solar power (on-board), II. Total wind power (on-board), III. Total produced power by
HFC (on-board), IV. The optimum combination of solar, wind, HFC, and V. Finding the
ships’ size and routes which vessels can use this combination for propulsion.
A mixed methodology was used in this research to discuss the available technologies in
the market and their power production. The qualitative methodology was used to find the
best options that are able to meet IMO 2030 and 2050 targets, and the quantitative
methodology was used to calculate the available power production (Figure 10).
Figure 10 - Flowchart of the research methodology
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In order to calculate the above-mentioned items, the effective parameter on power
generation for each technology was assessed. Parameters are different for different
technologies. For instance, deck area and geographical location are the essential factors
for solar power, whereas the type of HFC and capacities of hydrogen storage tanks are
two of the most important factors for HFC power production. The figure 11 shows the
research methodology steps in summary.
Figure 11 - Methodology steps

This research selected bulk carriers as a case study to calculate the produced power by
solar, wind, and HFC. It should be noted that the model can be applied to other types of
vessels by considering the ships’ specifications and other parameters.

3.2.

Data collection

This research used real data as much as possible from open-source databases such as the
NASA website, Clarkson website, industry, and shipping companies.
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Vessels’ specifications were collected from Clarkson’s website, such as length, breadth,
DWT, required power, speed, and fuel oil tank capacity, which are available for every
type of vessel. The weather condition data, such as solar irradiance, wind speed, and wind
direction needed to calculate the available solar and wind power were collected from the
NASA website for a period of 20 years from 2001 to 2021.
In addition, the selected solar panels and fuel cell modules are two of the available
technologies in the market which are compatible with marine conditions. For instance, a
PEM fuel cell with an efficiency of 53.5% was chosen in this study that was approved by
DNV calcification (Appendix 1).

3.3.

Research instruments

The RapidMiner software was used for analyzing data and modeling. The RapidMiner is
a powerful data science software platform developed by the company of the same name
that provides a free integrated environment for students for data preparation, machine
learning, deep learning, Etc. It should be noted that this software can also connect to the
Anaconda Navigator platform to use the Python programming language.
Moreover, Python (general-purpose programming language) was used to develop a
simulator to calculate the optimum wing sails angle in order to find the optimum wind
power production through the route by using route weather conditions.

3.4.

Vessels

In this paper, 4986 bulk carriers were chosen to calculate available wind, solar, and HFC
power on them. Data were collected from the Clarkson website for different size bulk
carriers including Capesize, Panamax, Hanymax, and Handysize. DWT and Length of
vessels range from 11,335 to 399,000 tonnes and 134 to 362 m correspondingly. The
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frequency of DWT, Speed, and total mechanical power of vessels are shown in the figures
12, 13, and 14.
Figure 12 - DWT frequency of vessels

Figure 13 - Mechanical power frequency of vessels
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Figure 14 - Speed frequency of vessels

As can be seen from figures 12, 13, and 14, most of the vessels had a speed between 13.75
to 14.75 knots, a mechanical power between 6 to 12 MW, and a DWT between 25k to 90k
tonne.

3.5.

Routes

According to Clarkson 2022, the most important main bulk carriers’ routes are shown in
the figure 15 below.
Figure 15 - Main bulk carrier routes
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Route one is between China and Australia, route two is between Brazil and China, route
three is between Canada and Nederland, route four is between Brazil and Nederland, and
route five is between Australia and India.
In this paper, one route was selected (between China and Australia), then weather data
and voyage data have been collected, and after that power production of solar, wind, and
HFC was calculated for the route. Finally, the model was applied to other routes to find
the available power in different routes. It should be noted that 10 points on each route
were determined to collect weather and voyage data in order to calculate solar and wind
power production.

3.6.

Solar energy

The main parameter that can affect the solar power production capacity is the available
area to install solar panels. Obviously, the whole deck area cannot be dedicated to solar
panels because of deck machineries, wing sails that should be installed, accommodation,
etc. In this paper, it is assumed that solar panels can cover only 25% of the deck area. The
total deck area and available area for installing solar panels were by the formula below:

Deck area = L * B* 𝐶𝑊

(1)

𝐴𝐴𝑣𝑎 = Deck area * 0.25

(2)

where L is vessels’ length, B is vessels’ breadth, and 𝐶𝑊 is the water plan coefficient.
Length and breadth of vessels were collected from the Clarkson website, and water plan
coefficient was assumed 0.8; hence it is 0.7 to 0.9 for bulk carriers according to Tupper,
2013. Therefore, the solar power was calculated using following formula:

P (kw) = 𝐴𝐴𝑣𝑎 *  * H * PR
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(3)

Where P is the total produced power by solar panels in Kilowatt, 𝐴𝐴𝑣𝑎 is the available area
for installing solar panels in 𝑚2 ,  is the efficiency of chosen solar panels, H is the solar
irradiance in selected points in kwh/𝑚2 /𝑑𝑎𝑦, and PR is a performance ratio that ranges
between 0.5 to 0.9 and depends on solar panels losses, which is assumed 0.75 in this study.
The selected solar panel had a maximum efficiency of 20.97% which was a 108 Cell
monocrystalline module (Appendix 2). The solar irradiance of chosen points on the route
were collected from the NASA website for a period of 20 years, from 2001 to 2021. It
should be noted that the fixed tilted angle of zero (Horizontal) were collected because
adjusting solar panels for optimum angle on-board might be difficult due to different
ships’ heading through the voyage.

3.7.

Wind power

Wing sails technology was applied in this study to apply on vessels because of its higher
efficiency and available area on deck. Parameters that can affect the wing sails' power
production including wind direction, wind speed, ship heading, and ship speed were
collected from different sources that will be mentioned in the following sections.
The procedure of calculating optimum power is shown below; the Python programming
language was used to simulate the wing sails in order to calculate the power production
based on different parameters of selected points on the route (Appendix 4). The schematic
directions of forces that can affect the power generation of wing sails are shown in figures
16 and 17 below.
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Figure 16 - Schematic forces directions

Figure 17 - Schematic forces directions
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𝑉𝐴 = √𝑢2 + (2 ∗ 𝑢 ∗ 𝑣 ∗ cos(𝛼 ) + 𝑣 2
𝑢

𝜃 = 𝑡𝑎𝑛−1 ( )

(5)

𝑣

1

(4)

𝜌𝐶𝐿 𝐴𝑣𝐴2

(6)

𝒟 = 𝜌𝐶𝐷 𝐴𝑣𝐴2

(7)

𝐹𝑅 = √𝐿2 + 𝐷2

(8)

ℒ=

2
1
2

𝐷

𝛽 = 𝑡𝑎𝑛−1 ( )

(9)

𝐿

𝜋

𝛾 =𝜃− −𝛽

(10)

𝐹𝑇 = 𝐹𝑅 ∗ 𝐶𝑂𝑆(𝛾 )

(11)

𝑃 = 𝐹𝑇 ∗ 𝑣

(12)

2

Where  is the angle between wind and ship heading,  is the angle between Apparent
wind and ship heading, u is wind speed, 𝑉𝐴 is Apparent wind speed, V is ship velocity, L
is lift force of wing sails, D is drag force of wing sails, 𝐶𝐿 is lift coefficient for different
angle of attack for NACA Aerofoil, 𝐶𝐷 is drag coefficient for different angle of attack for
NACA Aerofoil,  is density of air, 𝐹𝑅 is resultant force of drag and lift,  is the angle
between resultant force and lift force,  is the angle between resultant force and ship
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heading, 𝐹𝑇 the total produced force to push the ship, and P is the total produced effective
power to propel the ship. Sources of data collection are illustrated in table 9.
Table 9 - Source of data

Parameter

Source of data

Wind speed (m/s)

NASA website for each point

Wind direction (degree)

NASA website for each point

Ship heading (Degree)

VesselFinder website

𝐶𝐿 and 𝐶𝐷 (Appendix 3)

NACA Aerofoil 0015

The final parameter that can affect the total power production is the number of wing sails
and their areas. Although this research has tried to choose realistic assumptions based on
available applications (ships that have installed wing sails technology), the number and
area can be optimized during the ship design period in order to increase wind power
production, efficiency, and stability. This study assumed wing sails can be installed in one
or two lines and the number and size of the wing sails depend on the ships’ length as six
categories in table 10. It should be noted that if wing sails are installed in 2 lines, they
have enough space to fold during loading and discharge. In addition, if wing sails are
installed in one line, they can move on a rail to prepare enough space for loading and
discharge. Both fold and rail systems are available in the market (Appendix 5).
Table 10 - Wing sails number and area

Length of the

Number of

ship

wing sails

Area per wing sail (𝑚2 ) Total area of
wing sails
(𝑚2 )

130 – 170 m

3

500

1,500

171 – 200 m

4

600

2,400

201 – 240 m

5

700

3,500
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241 – 275 m

6

800

4,800

276 – 330 m

7

1000

7,000

331 – 365 m

8

1200

9,600

Wing sails directly convert wind power to effective power without any interactions, unlike
conventional main engines which transfer the main engine-produced power through the
shaft to the propeller that has some losses (figure 18). To convert the produced effective
power to engine power -in order to compare with other energy sources- the result is
divided by 0.7 (total efficiency). This coefficient is suggested by IMO MEPC.1/Circ.815.
2013 (Energy Efficiency Design Index guidelines) for shipping companies that want to
use wing sail technology on their fleets to calculate EEDI which this research benefits as
a conversion coefficient.
Figure 18 - Schematic conventional engine power losses and wind power conversion

3.8.

Hydrogen fuel cell (HFC)

Firstly, the hydrogen storage capacity on-board should be calculated in order to calculate
the produced power by HFC. Hydrogen storage is one of the most critical issues that has
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caused companies to be more cautious about hydrogen as a fuel on-board. As mentioned
earlier, hydrogen has a lower volumetric energy density; in other words, ships need to
dedicate more space to store hydrogen in order to propel the ship on the route. On the
other hand, allocating more space for hydrogen storage means reducing cargo space which
leads to decreasing companies’ profits. Therefore, the main concept of storing hydrogen
in this study was that the fuel storage tanks would not expand; in other words, the
hydrogen would be stored in the existing tanks that were used to store conventional fuel,
and the cargo space would be left untouched.
Unfortunately, ships' fuel tanks' data are unavailable for all vessels, so the present study
modeled the fuel tank capacity of all vessels based on 850 vessels whose tanks' capacities
were available on Clarkson website. The K-NN (K nearest neighbor) modeling on
RapidMiner was used to model the tank capacity of ships which is a non-parametric,
supervised learning classifier that employs proximity to predict the group of a single data
point. The comparison of available tank capacities (850 vessels) and modeled tank
capacities (4986 vessels) is shown in figure 19.
Figure 19 - Comparison of available and predicted fuel tanks capacities
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This research considered a few assumptions because of the lack of data for introducing a
new model which tries to be logical and based on reality. The first assumption is that 10
percent of fuel tank capacity is dedicated to conventional fuel that can run a generator to
produce electricity for the ship in emergency situations, it means in case of emergency,
the operator can disconnect solar and HFC from the grid and use the auxiliary generator.
The hydrogen storage condition is another important item that can directly affect the
volumetric density. Two different phases of hydrogen are assumed in this study; liquid
hydrogen and compressed hydrogen (700 bars, 20c) which have a volumetric density of
around 71 and 40 kg/𝑚3 correspondingly (Figure 20). It should be noted that storing
hydrogen in the liquid phase needs a cooling system to decrease the storage tank
temperature to -252.9c; so, this research assumed 45 percent of available space would
have been allocated to the cooling system. Similarly, a specific isolation system needs to
store hydrogen at 700 bars; so, 30 percent of available space is dedicated to the isolation
system which is more than enough based on available hydrogen storage modules in the
market (Appendix 6).
According to Sundén 2019, around 10 to 20 percent of produced electrical power by HFC
is required to store the hydrogen in gas form, also it is around 30 to 40 percent for liquid
hydrogen, which should be reduced from the total power production of HFC at the end.
This study has assumed 15% and 30% reduction in total power for compressed and liquid
hydrogen correspondingly due to storage. The basic formula of density was used to
calculate the mass of hydrogen based on available storing space, as follows:

=

𝑚
𝑉

or

m=*v

(13)

Where  is density of hydrogen (kg/𝑚3 ), m is mass of hydrogen (kg), and v is the
available volume of storing hydrogen (𝑚3 ).
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Figure 20 - Storage density of hydrogen at different pressure and temperature

Source: Romanos & et al., 2018

Eventually the formula below was used to calculate the power production of HFC:

P=

m ∗  ∗ LHV
t ∗ 3600

(14)

Where P is produced power (KW), m is mass of hydrogen (kg),  is efficiency of HFC,
LHV is lower heating value of hydrogen that is 120,000 kj/kg, t is time (hr), and 3600 is
a coefficient to convert KJ to KW.
It should be noted that in this formula, the time will be the sailing hours of vessels, and it
depends on speed and distance. In addition, PEM fuel cell with an efficiency of 53.5%
was applied because of the available marine module that is approved by DNV (Appendix
1).
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3.9.

Final ‘wind solar hydrogen’ (WSH) Formula

The final objective of this paper is to formalize all calculations in a straightforward
formula in order to determine the feasibility of utilizing solar power, wind power, and
HFC on vessels at different routes and speeds. By using the WSH formula, shipping
companies are able to recognize whether they can retrofit their ships and use these clean
energies to propel their ships or not.
In order to obtain a formula, it was essential to achieve a simple one that covers all the
influential parameters that can be important in power generation and the required power
of the ships. Wind, solar, and HFC power productions were examined separately, and an
attempt was made to provide a simple formula for calculating their power production
based on the effective parameters in production. In the end, the power production and
required power were compared in order to determine the WSH value. All steps to create
the formula are explained below.

3.9.1. Solar
The formula for calculating solar power is given in section 3.6 (Equations 1, 2, and 3).
only variable parameters affecting solar energy production are the length and breadth of
the ship as well as the amount of solar irradiance. Then by combining formulas in a single
formula the following final formula is obtained:

𝑃𝑠 (kw) = L * B * 𝐶𝑊 * 0.25 *  *

𝐻
24

* 0.75

(15)

Where 𝐶𝑊 = 0.8, and  is 20% (0.2), then by multiplying the numbers with a certain value,
the following formula is obtained:

𝑃𝑠 (kw) = L * B * H * 0.00125
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(16)

In the above formula, the length (L) and breadth (B) of the ships will be different for each
specific ship. In addition, the amount of solar radiation (H, kw/𝑚2 /𝑑𝑎𝑦) is a parameter
that depends on the route of the ships because the amount of solar radiation is different in
different parts of the globe.

3.9.2. HFC
The next parameter that must be considered in the WSH formula is the amount of power
produced by HFC. For this purpose, the presented formulas in section 3.8 are reviewed
and an attempt is made to simplify them.

𝑉𝐴𝑣𝑎 (𝐿𝐻2) = 0.9 * 0.55 * 𝐹𝑐 (fuel tank capacity, 𝑚3 ) (17)

𝑉𝐴𝑣𝑎 (𝐶𝐻2) = 0.9 * 0.7 * 𝐹𝑐 (fuel tank capacity, 𝑚3 ) (18)

m =  * 𝑉𝐴𝑣𝑎

𝑃𝐷𝐹𝐶 (Kw) =

t=

(13)

m ∗  ∗ LHV
t ∗ 3600

𝑑 (𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒,𝑚𝑖𝑙𝑒)

(14)

(19)

𝑣 (𝑠𝑝𝑒𝑒𝑑,𝑘𝑛𝑜𝑡𝑠)

Then by mixing above values in one formula the following formulas will be achieved:
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𝑃𝐷𝐹𝐶 (Kw) ( 𝐿𝐻2) =

 ∗ 0.9 ∗ 0.55 ∗ 𝐹𝑐 ∗  ∗ LHV∗ 𝑣

(20)

d ∗ 3600

and
𝑃𝐷𝐹𝐶 (Kw) ( 𝐶𝐻2) =

 ∗ 0.9 ∗ 0.7 ∗ 𝐹𝑐 ∗  ∗ LHV∗ 𝑣

(21)

d ∗ 3600

Where  is 53.5% (0.535), LHV is 120,000 kj/kg,  is 71 kg/𝑚3 for liquid hydrogen and
40 kg/𝑚3 for compressed hydrogen. It should be noted that 15 percent of produced
electrical power by HFC are required to store the hydrogen in gaseous form, also it is 30
percent for liquid hydrogen; which should be reduced from total power production of
HFC. Then by multiplying the numbers with a certain value and summarizing them in 𝐶𝐻 ,
the following formula is obtained. The 𝐶𝐻 can have two values because of the difference
in liquid and compressed hydrogen density.

𝑃𝐷𝐹𝐶 (Kw) =

𝐹𝑐 ∗ 𝑣 ∗ 𝐶𝐻
d

(22)

3.9.3. Wind
The final parameter in the WSH formula is power production by wind energy. Produced
wind power is a function of weather conditions and the amount of available area of the
wing sails, which both of them are variable values. The amount of the available area is
related to the length of the ship and the weather condition is related to the route that the
ship is passing. The calculation formula is given below:

𝑃𝑊 (kw)= 𝐴𝑤𝑠 * 𝑃𝑊 (kw/𝑚2 )

(23)

In this section, to achieve the wing sails specifications, ships were divided into six
categories based on their length, and each group had a certain number of wing sails. The
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number of wing sails and the area of each of them is shown in section 3.7 table 10. The
amount of produced power by a square meter wing sail will be calculated by the Python
programming language which the procedure is described in section 3.7, this value is
different for different routes and this research intends to do the calculations for five main
bulk carrier routes which will be presented in the calculations section.

3.9.4. Required power
The relationship between the amount of required power to propel the ship at different
speeds is not linear and as can be seen from the formula power and speed have a cubic
relation. The formula is given below:
𝑉𝑛𝑒𝑤 3
)
𝑉𝑅𝑒𝑓

𝑃𝑛𝑒𝑤 = 𝑃 ∗ (

(24)

3.9.5. Final formula
Finally, if the sum of the produced power by the solar, wind, and HFC is more than the
required power, this hybrid system (combination of solar, wind, and HFC) is able to move
the ship forward for the route (Table 11).

PW+S+HFC > Pnew

(25)

or
WSH =

PW+S+HFC
Pnew

>1

(26)

In order to simplify the formula, all parameters that were calculated in the previous parts
are placed and then simplified, finally the following formula is obtained:
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WSH =

(𝐹𝑐 ∗ 𝐶𝐻 ∗

𝑉
)+(𝐿∗𝐵∗ 𝐻∗0.00125)+( 𝐴𝑤𝑠
𝑑
𝑉 3
P∗(
)
𝑉𝑅𝑒𝑓

∗ 𝑃𝑊 )

(27)

or
WSH =

𝑉
𝑉𝑟𝑒𝑓 3 ∗ [(𝐹𝑐 ∗ 𝐶𝐻 ∗ ) + (𝐿 ∗ 𝐵 ∗ 𝐻 ∗ 0.00125) + ( 𝐴𝑤𝑠 ∗ 𝑃𝑊 )]
𝑑
𝑃∗ 𝑉 3

(28)

Table 11 - WSH table

IF WSH ≥ 1

Applicable

IF WSH < 1

Inapplicable

Where 𝑉𝑟𝑒𝑓 is ship design speed (knots), 𝐹𝑐 is conventional fuel oil capacity (𝑚3 ), 𝐶𝐻 is
HFC power production coefficient that depend on hydrogen storage form, V is new ship
speed (knots), d is route distance (mile), L is length of vessel (m), B is breadth of vessel
(m), H is average solar irradiance and depend on route, 𝐴𝑤𝑠 is wing sails areas and depend
on length of vessels, 𝑃𝑊 is wind power production per square meter wing sail and depend
on route weather, and P is the total required mechanical power of vessel at 𝑉𝑟𝑒𝑓 (Kw).

3.10. Calculations’ procedures
The calculations' procedures of study are presented in the form of flowcharts to show a
general overview of all calculation steps in a simple way. Figure 21 shows all the
calculation steps. As it is shown, first the produced power is compared with the required
power based on calculation of different speeds. Also produced power will be explain in
the next chapter (Chapter 4) based on different energy sources Solar, Wind and HFC.
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Figure 21 - Calculations' flowchart
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Figures 22, 23 and 24 show more details of solar, wind and HFC calculation respectively.
As it is clear in the flowcharts, each type of power source used in this research has unique
parameters as input for calculating the output energy.

Figure 22 - Solar power production flowchart
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Figure 23 - Wind power production flowchart
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Figure 24 - HFC power production flowchart

In the next chapter, the calculation method that was briefly shown in this section will be
explained in detail and the calculation results will be analyzed.
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4.

CHAPTER 4: Case studies and discussion

4.1.

Chapter overview

In this chapter the calculation of solar, wind, and HFC power production for 4986 bulk
carriers in two different scenarios as case studies would be presented; Firstly, all
calculations will be done for route one (Shanghai to Brisbane) at various ships’ speeds,
and secondly, all calculations will be applied to other routes with a constant speed.

4.2. Case study 1: produced and required power for various speeds
on route one
4.2.1. Route one details
The route from Shanghai (China) to Brisbane (Australia) was chosen as the main route
in this paper which is presented in the figure 25 below. This route is one of the most
important routes that ships carry coal.
Figure 25 - Route 1 between Shanghai (China) and Brisbane (Australia)
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Route distance is 4125 nm which will take 15 days and 15 hrs, 14 days and 7.75 hrs, 13
days and 5.3 hrs, 12 days and 6.64 hrs, 11 days and 11 hrs by speed of 11, 12, 13, 14, 15
knots correspondingly. As mentioned earlier, 10 points were selected in order to collect
solar and wind data to calculate the power production. Longitudes and latitudes of points
are shown in table 12 below.

Table 12 - Points on route

Point

Latitude

Longitude

1 (Shanghai)

31.3984

121.5300

2

29.5205

126.3012

3

25.1114

131.3605

4

18.3745

135.5853

5

9.2351

140.0700

6

0.1955

143.3234

7

6.3858

148.3636

8

12.3534

153.2503

9

20.0942

154.4403

10 (Brisbane)

27.3318

153.4820

4.2.2. Solar power production
To calculate the available solar power on-board, firstly the available deck area was
calculated based on the length and breadth of the vessels by using equations 1 and 2. After
that, the monthly solar irradiance of selected points was collected for the route from the
NASA website (Table 13). Then, the average annual solar power production of 4986
vessels was calculated by using equation 3 which is demonstrated in figure 26.
Table 13 - Monthly solar Irradiance for Equator Facing Horizontal Surface (kW-hr/m^2/day)
Point 1

Point 2

Point 3

Point 4

Point 5
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Point 6

Point 7

Point 8

Point 9

Point 10

Jan

2.29

2.01

2.99

4.07

4.98

5.13

5.03

5.93

6.91

6.54

Feb

2.68

2.68

3.8

5.05

5.39

5.14

5.08

5.69

6.38

5.91

Mar

3.79

3.59

4.53

5.82

5.87

5.28

4.86

5.41

5.57

5.1

Apr

4.45

4.37

4.96

6.55

5.99

5.22

4.5

4.95

5.08

4.4

May

4.78

4.71

5.4

6.59

5.68

5.12

3.86

4.51

4.33

3.55

Jun

4.18

4.39

5.92

6.49

5.28

4.79

3.47

4.1

3.64

2.98

Jul

5.07

6.01

6.58

5.7

5.03

4.63

3.59

4.31

4.05

3.44

Aug

4.96

5.75

5.99

5.3

4.8

5.33

4.21

4.97

5.03

4.38

Sep

4.05

4.67

5.53

5.47

4.94

5.47

4.46

5.57

6.18

5.36

Oct

3.49

3.85

4.42

5.06

5.07

5.69

5.12

6.02

6.84

6.01

Nov

2.59

2.58

3.3

4.57

4.93

5.25

5.06

6.3

7.21

6.68

Dec

2.29

2.01

2.76

3.82

4.76

5.11

5.15

6.43

7.29

6.6

Figure 26 - Average annual solar power production
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Figure 27 - Monthly solar power production on-board

It should be noted that solar power production was changing for different months. As can
be seen from figure 27, the highest solar power production was in September, and the
lowest power production was in June which was around 152 and 133 kW correspondingly
for a ship with available deck area of about 18800 𝑚2 . It is obvious that bigger ships had
more available area to install solar panels and produce solar power, however the generated
power was too low compared to the required power for propulsion. The comparison of
solar power and engine mechanical power of vessels is shown in the graph 28 below which
demonstrates the solar power is less than 1%of the required power.
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Figure 28 - Comparison of available solar power on-board and vessels required mechanical power

Route one (Shanghai to Brisbane) was almost near the tropical area with good solar
irradiance. The solar irradiance and solar power production would be less or more in other
routes that will be presented for other main routes in section 4.4.

4.2.3. Wind power production
To calculate the available wind power on-board, firstly the wind speed, wind direction,
and ship heading data were collected for route one at selected points which are
demonstrated in the following tables 14, 15, 16 correspondingly.

Table 14 - Monthly wind speed for selected points on route (m/s)

Point 1
Point 2
Point 3
Point 4

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

4.83

4.97

5.09

5.06

5.01

4.61

4.85

4.95

4.86

4.75

4.76

4.98

7.96

7.65

7.09

6.06

5.27

5.76

6.27

6.32

6.54

7.56

7.35

8.07

7.03

6.49

6.31

5.99

5.23

5.6

5.68

6.19

6.16

7.23

7.16

7.5

7.99

7.51

6.47

5.47

4.83

5.25

5.75

5.88

5.8

6.83

7.55

8.1

55

Point 5
Point 6
Point 7
Point 8
Point 9
Point 10

7.56

7.59

7.17

6.29

5.08

4.76

4.69

4.81

4.68

4.45

5.76

6.95

4.29

4.57

4.27

3.59

3.53

3.62

3.94

3.93

3.79

3.55

3.77

3.97

5.33

5.55

4.84

4.32

5.05

5.86

6.72

6.52

5.93

4.95

4.23

4.25

5.03

5.06

5.12

6.37

7.49

7.93

8.47

8

8.04

7.02

6.19

4.89

6.35

6.45

7.41

7.54

7.17

7.24

7.02

6.54

6.36

6.27

6.44

6.07

6.49

6.66

6.64

6.34

6.02

6.52

6.28

6.3

6.55

6.45

6.55

6.59

Table 15 - Monthly wind direction for selected points on route (degree)
Jan
Point 1
Point 2
Point 3
Point 4
Point 5
Point 6
Point 7
Point 8
Point 9
Point 10

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

93

52

65

108

122

123

152

110

54

41

89

185

301

240

190

126

76

151

175

147

57

26

48

151

72

51

75

88

153

189

141

125

100

59

47

31

56

60

64

81

112

120

128

165

112

82

72

62

67

65

65

74

90

110

172

213

213

161

76

71

265

259

227

203

119

133

122

114

136

147

224

250

255

285

164

76

141

153

154

154

154

147

113

84

198

215

125

121

126

126

131

131

127

120

116

140

108

111

116

122

127

125

127

125

113

105

105

104

87

107

112

131

157

178

200

230

130

52

55

67

Table 16 - Ship heading on route for selected points (degree)

Point 1
Point 2
Point 3
Point 4
Point 5
Point 6
Point 7
Point 8
Point 9
Point 10

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

205

205

205

205

205

205

205

205

205

205

205

205

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

215

200

200

200

200

200

200

200

200

200

200

200

200

250

250

250

250

250

250

250

250

250

250

250

250

185

185

185

185

185

185

185

185

185

185

185

185

185

185

185

185

185

185

185

185

185

185

185

185

175

175

175

175

175

175

175

175

175

175

175

175

After that, the available number and area of wing sails were determined based on table 10
section 3.7. Finally, the available wind power was calculated by using equations 4 to 12
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section 3.7. As it can be seen from equation 12, the produced power is a function of the
ships’ speed, and it has been assumed to be service speed in this section. The wind is a
natural phenomenon and it varies throughout the year. The monthly wind power
production of selected points at route 1 (Shanghai to Brisbane) is illustrated in figure 29.

Figure 29 - Monthly wind power production at selected points on route 1

As shown in the graph, the range of power production was slightly different for different
months, the highest power production was in August, and the lowest rate of generation
was in February. As mentioned earlier, wind power production is directly related to ships’
length because of the more available area to install more wing sails, and it is higher for
bigger vessels. For instance, the potential wind power production on route one was about
2600 kW in August and 1250 kW in February for a ship with a length of 360 m. It should
be noted that route one was not placed in a windy area and the wind speed in this area was
not too high. The wind power production of other main bulk carriers’ routes will be
presented in section 4.4.
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Although the produced wind power was more than produced solar power, the produced
wind power was still too low compared to vessels requiring mechanical power. The
comparison of the total derived mechanical power of the engine and potential wind power
is shown in the figure 30 below.
Figure 30 - Comparison of available wind power and vessels required mechanical power at
reference speed

4.2.4. HFC power production
To calculate the available HFC power production, firstly the available space to store
hydrogen was determined; its procedure was explained in section 3.8. It is obvious bigger
vessels have more available space to store hydrogen. The available space was calculated
by using equations 17 and 18 for 𝐿𝐻2 and 𝐶𝐻2 correspondingly (Figure 31).
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Figure 31 - Available space for storing 𝐿𝐻2 and 𝐶𝐻2 on vessels

After that the mass of hydrogen was calculated based on available space and hydrogen
phases density by using equation 13 (Figure 32).
Figure 32 - Mass of hydrogen based on hydrogen phases on vessels
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Finally, the HFC power production was calculated for all vessels by using equation 14.
As mentioned earlier, 15 percent of produced electrical power by HFC is required to store
the hydrogen in gas form, also it is 30 percent for liquid hydrogen, which has been reduced
from the total power production of HFC. The final power production of HFC is
demonstrated in figure 33 for all 4986 vessels based on different hydrogen forms storage.
Figure 33 - HFC power production based on 𝐿𝐻2 and 𝐶𝐻2 storage

The comparison of HFC power production and required mechanical power of vessels at
service speed is shown in figure 34.
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Figure 34 - Comparison of produced power by HFC and required mechanical power of
vessels on route 1 at reference speed

4.2.5. Sum of solar, wind, and HFC power production
In this section, all produced power by solar panels, wing sails, and HFCs which were
calculated in previous sections were summed in order to find the total available produced
power on-board on all 4986 bulk carriers at route one at service speed, which is shown in
figure 35 below.
Figure 35 - Total potential produced power on vessels by solar panels, wing sails, and HFC
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4.2.6. Power requirement at different speeds
As mentioned in section 3.9.4 the required power at different speeds is not linear. The
required power of vessels for different speeds was calculated by equation 24 section 3.9.4
and illustrated in the graph below.
Figure 36 - Required power to propel the ships at different speeds

4.2.7. Comparison of total produced and required power for varied
speeds
In this section the total produced power at different speeds on route one will be calculated
and compared with the required power which was calculated in section 4.2.6. However,
the ship’s speed is not an influential parameter of produced solar power, it is an important
parameter that can change the amount of produced power by wing sails and HFC. In other
words, the produced power by wing sails will be more if the speed of the ship increases;

62

also, the produced power by HFC will be different at different speeds because the journey
will take longer or shorter and the time is a function in HFC formula (equation 14, section
3.8).
Figure 37 - comparison of produced and required power on route 1 at speed 11 knots

The figure 37 shows the produced powers and total required power at speed of 11 knots
separately. As can be seen from the graph, most of the power production is generated by
HFC, and the portion of solar and wind power production is around 16% in this route.
However, the contribution of each power will be changed by changing speed and route,
the HFC is the majority power source as calculated.
The required power and sum of produced powers on-board to propel the ships are
demonstrated in figure 38, in which the ships’ speed is assumed to be 11 knots. As can be
seen from the graph, the produced power by solar, wind, and HFC was less than the
required power for smaller ships, in contrast, the produced power was higher than the
required power for bigger vessels. Point A is the boundary between two ranges of vessels;
vessels that can benefit from this hybrid system (combination of solar, wind, and 𝐿𝐻2 FC)
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to move without any conventional fuel and vessels that need another source of power
alongside this hybrid system to finish their voyage. Similarly, point B is the cross point in
case of 𝐶𝐻2 FC, solar, and wind. Comparing points A and B proves that using 𝐿𝐻2 can
provide more power, as a result, the number of vessels that can use this combination without conventional fuel- is more. There are many parameters that can move the
boundary to the right or left which will be discussed in the conclusion chapter in order to
cover more vessels in the applicable range.
Figure 38 - Total produced and required power on route 1 at speed 11 knots

Similarly, the comparison of the total produced power and required power of vessels at
different speeds are presented in the following graph (figures 39, 40, 41, and 42) which
shows the changing speed had a significant effect on boundary points, as a result, the range
of ships that could utilize the combination of these technologies on-board would change.
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Figure 39 - Total produced and required power on route 1 at speed 12 knots

Figure 40 - Total produced and required power on route 1 at speed 13 knots
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Figure 41 - Total produced and required power on route 1 at speed 14 knots

Figure 42 - Total produced and required power on route 1 at speed 15 knots

66

As can be seen from the graphs above, speed reduction from 15 to 11 knots could reduce
the power production of solar, wind, and HFC by around 30 percent, while it reduced the
power requirement by around 60 percent. As a result, the produced power could meet the
power requirement at speeds of 11 and 12 in some ships' sizes on this route. On the other
hand, high power requirements at higher speed – 13, 14, and 15 – did not allow these
technologies to propel the ships without other power sources' assistance in this route.

4.3.

Case study 2: produced and required power at a specific speed

for varied routes
This section compares the total produced and required power for three different routes at
a speed of 12 in order to compare the produced power in different routes with different
distances. The distance of five routes was shown in table 17, three of which (route one,
two, and three) are chosen in this section to plot their graphs.

Table 17 - Routes’ distances

Route

Zone

Distance (nm)

1

China (Shanghai) – Australia (Brisbane)

4125

2

Brazil (Santos) – China (Shanghai)

10980

3

Canada (Quebec) – Nederland (Rotterdam)

2981

4

Australia (Adelaide) – India (Mangalore)

5440

5

Brazil (Santos) - Nederland (Rotterdam)

4861

The procedure of power requirement’ calculation is the same as section 4.2.6, also the
calculation of power production by solar, wind, and HFC was explained in sections 3.6,
3.7, and 3.8 respectively. The comparison of power requirement and produced power in
route 1, 2, and 3 is illustrated in the following graphs (Figure 43, 44, and 45).
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Figure 43 - Total produced and required power on route 1 at speed 12 knots

Figure 44 - Total produced and required power on route 2 at speed 12 knots
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Figure 45 - Total produced and required power on route 3 at speed 12 knots

As can be seen from figure 43, the range of vessels that could benefit from this hybrid
concept to move in the route one at a speed 12 was very small and limited to vessels that
store 𝐿𝐻2 . On one hand, according to figure 44, vessels could not sail without other energy
resources on route two at a speed 12, in other words, these technologies were able to
provide only half of the power requirement of vessels with one time hydrogen bunkering.
On the other hand, the graph 45 proves that many vessels could use this concept on-board
in order to propel on route three at a speed of 12 without any extra energy sources.
In summary, the comparison of these three different routes with different distances shows
the distance is an important parameter, and the range of vessels can be significantly
changed by changing the route distance.
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4.4.

WSH formula

In this section, the WSH formula presented in section 3.9.5 (equation 28) is used again in
order to apply the calculations to other routes and conditions, all parameters and
coefficients which affect the result are discussed.

WSH =

𝑉
𝑉𝑟𝑒𝑓 3 ∗ [(𝐹𝑐 ∗ 𝐶𝐻 ∗ ) + (𝐿 ∗ 𝐵 ∗ 𝐻 ∗ 0.00125) + ( 𝐴𝑤𝑠 ∗ 𝑃𝑊 )]
𝑑
𝑃∗ 𝑉 3

There are two categories of parameters in this formula. The first category includes
parameters that depend on ships specification such as 𝑉𝑟𝑒𝑓 , 𝐹𝑐 , L, B, 𝐴𝑤𝑠 , and P; and the
second category is the rest of the parameters that depend on the route, weather condition,
ships’ speed, and type of hydrogen storage ( 𝐶𝐻 , V, d, H, 𝑃𝑊 ).
This study presents needed data to calculate WSH on five main bulk carrier routes,
however collecting data is not a long process and can be achieved anytime for other routes
by following the procedure which is explained in chapter 3. The value of parameters is
shown in the following tables based on different conditions.
Table 18 – 𝐶𝐻 value for 𝐿𝐻2 and 𝐶𝐻2

𝐶𝐻

Hydrogen storage form
Liquid hydrogen

438.73

Compressed hydrogen

381.99

𝐶𝐻 is a parameter that summarizes all effective items which are assumed in
section 3.8 such as density of hydrogen in different phases, available space
assumptions to store hydrogen, and required energy to store hydrogen (table
18).
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Table 19 – H value for different routes, NASA (2022)

H (kw/𝑚2 /𝑑𝑎𝑦)

Different areas (routes)
Route 1

4.8736

Route 2

4.9104

Route 3

2.9698

Route 4

4.8157

Route 5

5.0782

H is the solar irradiance on selected routes and the value directly depends on the sunlight
quality which can be changed in different areas (table 19).
Table 20 - 𝐴𝑤𝑠 value for different size of the ships

Ships’ length (m)

𝐴𝑤𝑠 (𝑚2 )

L ≤ 170

1500

170 ≤ L < 200

2400

200 ≤ L < 240

3500

240 ≤ L < 275

4800

275 ≤ L < 330

7000

330 ≤ L

9600

𝐴𝑤𝑠 is a function of the number of wing sails and their area (Total wing
sails areas) that has been shown in table above for different length of the
ships (table 20).
Table 21 - 𝑃𝑤 value for different routes and speed

Different areas (routes)

Ship speed (m/s)
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𝑃𝑤 (kw/𝑚2 )

Route 1

Route 2

Route 3

Route 4

Route 5

11
12
13
14
15
11
12
13
14
15
11
12
13
14
15
11
12
13
14
15
11
12
13
14
15

0.17388473
0.20335974
0.23791562
0.27812209
0.32447678
0.12341175
0.14187783
0.16477452
0.19315089
0.22752665
0.21438763
0.24157444
0.27105606
0.30297577
0.33754448
0.19892131
0.23268225
0.27177522
0.3168603
0.36842026
0.22791856
0.266212
0.30887832
0.35639289
0.40914003

Pw is the potential available power which can be generated by one square meter of installed
wing sails in different routes at different speeds. The value of Pw varies for different areas
-like solar power- and directly depend on ship heading, wind speed, and wind direction
(table 21).
Calculation of WSH for 2 different vessels is presented in following for route 1 at speed
of 11 and calculation of three ships with different specifications in three different routes
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is illustrated in appendix 7 as an example. The vessels’ specification is shown in the tables
below (table 22, 23, and 24).
Table 22 – Vessels’ specifications, Clarkson (2022)

IMO number

Dead weight

9807035

399363

Year of
built
2018

9514042

55688

2011

Ship 1
Ore Dalian
Ship 2
k. Ruby

Table 23 - Ship 1 details, Clarkson (2022)

Parameter

Value

Source

L

361.9 m

Clarkson

B

65 m

Clarkson

P

24200 kw

Clarkson

Vref

14.5 knots

Clarkson

𝐹𝑐 (Fuel oil Tank
capacity)
CH (𝐿𝐻2 )

10110 𝑚3

Clarkson

438.73

Table 16

CH (𝐶𝐻2 )

381.99

Table 16

d (distance)

4125 nm

VesselFinder

4.8736

Table 17

9600 𝑚2

Table 18

0.17388473

Table 19

H
Aws
PW (𝑣 = 11)
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The calculation of WSH for vessel 1 at speed 11 on route 1 with 𝐿𝐻2 and 𝐶𝐻2 storage is
presented in following that shows WSH is more than 1 for both 𝐿𝐻2 and 𝐶𝐻2 , in other
words this vessel is able to sail in this route by using solar, wind, and HFC without any
fossil fuels:

WSH (𝐿𝐻2 ) =

11
)+(361.9∗65∗4.8736∗0.00125)+(9600∗0.17388473)]
4125
24200∗113

14.53 ∗[(10110∗438.73∗

=1.2911

WSH > 1 Applicable

And

WSH (𝐶𝐻2 ) =

11
)+(361.9∗65∗4.8736∗0.00125)+(9600∗0.17388473)]
4125
24200∗113

14.53 ∗[(10110∗381.99∗

WSH > 1 Applicable

Table 24 - Ship 2 details, Clarkson (2022)

Parameter

Value

Source

L

190 m

Clarkson

B

32.26 m

Clarkson

P (power)

8890 kw

Clarkson

Vref

14 knots

Clarkson

𝐹𝑐 (Fuel oil Tank
capacity)
CH (𝐿𝐻2 )

2478 𝑚3

Clarkson

438.73

Table 16
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=1.1463

CH (𝐶𝐻2 )
d (Distance)
H
Aws
PW (𝑣 = 11)

381.99

Table 16

4125

VesselFinder

4.8736

Table 17

2400

Table 18

0.17388473

Table 19

Similarly, the calculation of WSH for vessel 2 at speed 11 on route 1 with 𝐿𝐻2 and 𝐶𝐻2
storage is done and presented below that shows WSH is less than 1 for both 𝐿𝐻2 and 𝐶𝐻2 ,
in other words this vessel cannot sail in this route by using solar, wind, and HFC without
another source of energy:

WSH (𝐿𝐻2) =

11
)+(190∗32.26∗4.8736∗0.00125)+(2400∗0.17388473)]
4125
8890∗113

143 ∗[(2478∗438.73∗

= 0.77775

WSH < 1 Inapplicable
And

WSH (𝐶𝐻2 ) =

11
)+(190∗32.26∗4.8736∗0.00125)+(2400∗0.17388473)]
4125
8890∗113

143 ∗[(2478∗381.99∗

WSH < 1 Inapplicable
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= 0.690801

4.5.

Discussion

Based on calculation in the section 4.2.2, the portion of solar power production is very
small compared to total required power. Larger ships obviously had more space for solar
panels to be installed and to generate solar power, but the amount of power generated was
very low compared to required power for propulsion. The comparison of solar power
production and total required power showed that the solar panels are able to provide less
than 1% of the required power on bulk carriers based on research assumptions. It should
be mentioned that due to space constraints, the capacity of solar power production will be
lower on other types of vessels such as container ships and cruise ships.
Although, the fact that wind energy is free all over the world is one of the positive points
of this energy, the power production of wind significantly varies by changing the route
weather conditions such as wind speed and direction. For instance, the generated power
on route 5 was almost two times more than produced power on route two. Although, the
wind power production is more than solar power production, it is not able to provide total
required power for propulsion. Based on calculations in the sections 4.2.3, 4.3, and 4.4 the
wind power is able to cover 8 to 30% of the required power for propulsion depending on
the route. Ship heading same as the wind direction and speed can affect the wind power
production remarkably. According to the final result of this research, the largest amount
of energy is produced in route number 5, then route 3, route 4, route 1, and route 2 are
placed correspondingly.
As calculated in the sections 4.2.4, and 4.2.7, although the produced power by HFC would
be almost the main source of power in this research, which was able to provide the total
required power in some routes. The produced power by HFC was depended on routes
distance, hydrogen phases, hydrogen storage capacity (ship’s size), and ships’ speed
which was varied from 50 to 100% of the total required power. For example, HFC (with
𝐿𝐻2 storage) can generate the total required power for bulk carriers on route one at a speed
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of 11 knots that have a Dwt of more than 227,000 tonnes. The range of vessels is increased
in the route 3 because of the shorter distances, and HFC was able to produce more hourly
power for propulsion. Hydrogen form (𝐿𝐻2 and 𝐶𝐻2 ) was an effective parameter in terms
of HCF power production which the calculations showed the power production by 𝐿𝐻2 is
about 15% more than power production by 𝐶𝐻2 .
The range of vessels which can sail without any conventional fossil fuels can be expanded
by combining this power source (HFC) with other renewable energy (wind and solar
power). From another point of view, the combination of these three technologies will
allow the vessels to sail longer routes because of higher power production on-board.
The final result of the calculation in section 4.3 shows that the route distance is the most
important parameter that should be considered. As regards, the HFC is the main energy
source on-board, and the HFC power production remarkably depends on hydrogen storage
capacity; firstly, the vessels were not able to sail longer routes because of the limited
hydrogen storage capacity; secondly, on the same route, the bigger vessels were more
feasible to benefits these technologies because of higher bunker capacity. For instance,
the route 3 is the shortest route in this research and the vessels with a Dwt more than
70,000 tonnes can sail at a speed of 12 knots by using this hybrid system (Combination of
solar, wind, and HFC 𝐿𝐻2). Comparing route 1 and 3 showed the range of vessels is lower
for route 1 because of the long distance.
While the route distance and ship size are two of influential parameters of power
production, the ship speed is an important parameter in terms of power consumption.
According to sections 4.2.6 and 4.2.7 calculations, the reduction ratio of required power
was more than the reduction ratio of produced power when the ship speed was reduced.
Therefore, the produced power was able to be more than required power; providing the
total required power for propulsion. The calculations in section 4.2.7 showed the speed
reduction to 11 or 12 made some ships able to benefit from this hybrid system to be zero-
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emission. On the other side, by increasing the speed to 13, 14, or 15, the hybrid system
was not able to provide the total required power because of high power demand at higher
speeds.
In the end, by formulation all calculations in one simple formula, the WSH formula is
achieved. To determine the feasibility of utilizing this hybrid system, it is needed to input
ship and route specifications in the formula and calculate the WSH. As calculated the
WSH for two different vessels (High Dwt and low Dwt) for route 1 at a speed of 11, the
value of WSH is higher than 1 for the larger vessel (vessel 1) and lower than 1 for the
smaller vessel (vessel 2). It means this hybrid system can produce all required power for
vessel 1 in route 1 at speed of 11, as opposed to the hybrid system cannot generate all
required power for vessel 2 in route 1 at speed of 11.
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5. CHAPTER 5: Conclusion and
recommendations
5.1.

Conclusion

The main objective of this research was the technical assessment of utilizing HFC, wind,
and solar power technologies on bulk carriers to achieve zero-emissions. The calculation
of power production and power requirement proved that the vessels could use this hybrid
system – without conventional fossil fuels- for propulsion on some routes. In addition, in
this research, a new formula has been developed to determine the technical feasibility of
this combination (solar, wind, and HFC) facilitatively. Also finding the range of vessels
that can utilize this hybrid system for propulsion by pasting ship and route specifications
in the formula is another achievement of this research.
In this research, considering the capacity of clean energy on ships, the idea of combining
clean energy was proposed. As mentioned in the discussion section, based on the final
results, the HFC power production had the largest share - around 50 to 100% - of the total
required power. Then wind energy with 8 to 30% of the total required power, plays an
important role in power production on board. and finally, although solar energy has a lot
of potential for producing clean energy on land, it is unable to generate much power
aboard ships - less than 1% of the total required power - due to space constraints, constant
tilt angle, and varying weather conditions. whereas the HFC was able to generate the total
required power singly in some routes and sizes of vessels with one-time hydrogen
bunkering during the voyage, combining solar and wind energy with HFC power enables
vessels to produce more power on board; expanding the range of vessels that can sail their
voyage without consuming fossil fuels.
This research assessed the technical feasibility for two different conditions; the same route
and different speeds, Constant speed and varied routes. On the one hand, the final result
of the study illustrates that on a specific route, the larger vessels are more suitable to
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benefit from this hybrid system due to their higher fuel storage capacity and relatively
lower ratio of power requirement to size than smaller vessels. On the other hand, it was
found that route distance had an important effect on power production because time was
a variable in the HFC power production (The main source of power on-board) formula. In
the other words, the HFC is produced lower hourly power during the voyages because the
hydrogen storage capacity is assumed constant. As a result, the vessels which sail on
shorter routes are more capable to benefits from this hybrid system.
In addition, based on calculation results, reducing the speed from 15 to 11 knots might
decrease the amount of energy produced by solar, wind, and HFC by around 30% while
decreasing the amount of total energy requirement by about 60%. Therefore, speed
reduction is also an important and effective parameter which leads to an increase in the
number of vessels that their power production would be more than their power
requirement.
Although these energy sources (Solar, wind, and HFC) still have some technical
limitations, and many ocean-going ships are not able to sail without conventional fuel,
they can provide the total required power for some vessels and routes for bulk carriers.
There are two solutions to improve the efficiency in order to expand the range of the
vessels which can benefit from these technologies; Decreasing energy consumption and
Increasing power production. As a result, combining this hybrid system with other
technologies such as cryo-compressed hydrogen storage, waste heat recovery (WHR), air
lubrication, new hull design, and route optimization can expand the range of vessels that
can sail without conventional fossil fuels.
Despite the fact that the CapEx and OpEx of these technologies may be more than the
conventional propulsion systems, it is expected that the total CapEx and OpEx of this
hybrid system will be decreased day by day, also for new ships’ design. Furthermore, the
negative effects of climate change, such as floods, wildfires, and other natural disasters,
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demonstrate that there is no longer any time for the global community to delay the
adoption of new technologies (clean and renewable energies) to reduce emissions.

5.2.

Future research

This research showed the solutions for cutting GHG emissions might be a combination of
technologies, also vary for different types of vessels. Accordingly, to comply with the
IMO GHG strategies and reduce the effect of climate change, shipping companies may
utilize a mixture of technologies on-board depending on the type of vessel. Moreover, the
cost of using these new technologies (Solar, wind, HFC) is one of the important
uncertainties that makes shipping companies cautious about to use these new technologies.
Therefore, future research can be explored:
I. The technical feasibility of combination of this hybrid system with other
technologies to increase the power production and decrease power consumption.
II. The cost-benefit analysis of utilizing solar, wind, and HFC on-board to compare the
cost of this hybrid system with conventional propulsion system.
III. Applying the methodology of this research to other types of vessels such as
container and tanker ships.
VI. The technical feasibility of other green fuels such as green methanol instead of
green hydrogen.
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Appendixes
Appendix 1
Selected Fuel cell module:
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Appendix 2
Selected solar panel:
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Appendix 3
Lift and drag coefficient of airfoil NACA 0015:
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Appendix 4
Python scripts of wind power calculation:
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Appendix 5
Some projects and concepts which use wind power (wing sails) as a source of energy:
1

https://www.projectchek.eu/

2

https://www.sspa.se/

3

https://yaramarine.com/windwings/

4

https://www.wind-ship.org/en/wind-propulsion-innovation-awards-2021/

5

https://www.theoceanbird.com

6

https://www.walleniusmarine.com/our-services/ship-design-newbuilding/shipdesign/wind-powered-vessels/

7

https://iopscience.iop.org/article/10.1088/1757-899X/788/1/012062/pdf

8

https://professionalmariner.com/wind-ships-ahead-technology-pulling-morepower-from-sails/

9

https://www.wind-ship.org/en/technology-design/

10

https://maritime-executive.com/article/scotland-and-industry-fund-r-d-fordemonstration-of-wing-sail-tech

11

https://www.diva-portal.org/smash/get/diva2:1145351/FULLTEXT01.pdf

12

https://computedwingsail.com/en/

13

https://www.weforum.org/agenda/2020/12/swedish-firm-wind-powered-cargoships

14

https://www.offshore-energy.biz/gt-green-technologies-pei-tech-llc-join-handson-wind-propulsion-tech/

15

https://www.offshore-energy.biz/wind-propulsion-gaining-ground-in-thetransition-to-zero-emissions-ships/

16

https://oceanblueproject.org/wind-powered-cargo-ship-to-blow-co2-emissionsaway/

17

https://www.econowind.nl/#unit
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Appendix 6
Available hydrogen tank storage in the market:
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Appendix 7
WSH formula sample calculation:
IMO number

Dead weight

Year of
built

Ship 1

9807035

399363

2018

9531856

206400

2013

9514042

55688

2011

Ore Dalian
Ship 2
Cape Camellia
Ship 3
k. Ruby

WSH =

𝑉
𝑉𝑟𝑒𝑓 3 ∗ [(𝐹𝑐 ∗ 𝐶𝐻 ∗ ) + (𝐿 ∗ 𝐵 ∗ 𝐻 ∗ 0.00125) + ( 𝐴𝑤𝑠 ∗ 𝑃𝑊 )]
𝑑
𝑃∗ 𝑉 3
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Vessel 1:

Parameter

Value

Source

L

361.9 m

Clarkson

B

65 m

Clarkson

P

24200 kw

Clarkson

Vref

14.5 knots

Clarkson

𝐹𝑐 (Fuel oil Tank
capacity)
CH (𝐿𝐻2 )

10110 𝑚3

Clarkson

438.73

Table 16

CH (𝐶𝐻2 )

381.99

Table 16

d (distance)

VesselFinder

H

4125 nm
(Route 1)
4.8736

Aws

9600 𝑚2

Table 18

PW (𝑣 = 11)

0.17388473

Table 19

PW (𝑣 = 13)

0.23791562

Table 19
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Table 17

At speed 11 and storing 𝐿𝐻2 :
WSH =

11
)+(361.9∗65∗4.8736∗0.00125)+(9600∗0.17388473)
4125
24200∗113

14.53 ∗[(10110∗438.73∗

=1.2911

WSH > 1 Applicable

At speed 11 and storing 𝐶𝐻2 :
WSH =

11
)+(361.9∗65∗4.8736∗0.00125)+(9600∗0.17388473)
4125
24200∗113

14.53 ∗[(10110∗381.99∗

=1.1463

WSH > 1 Applicable

At speed 13 and storing 𝐿𝐻2 :
WSH =

13
)+(361.9∗65∗4.8736∗0.00125)+(9600∗0.23791562)
4125
24200∗133

14.53 ∗[(10110∗438.73∗

= 0.94072373

WSH < 1 Inapplicable

At speed 13 and storing 𝐶𝐻2 :
WSH =

13
)+(361.9∗65∗4.8736∗0.00125)+(9600∗0.23791562)
4125
24200∗133

14.53 ∗[(10110∗381.99∗

WSH < Inapplicable
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= 0.837062

Vessel 2:
Parameter

Value

Source

L

299.7 m

Clarkson

B

50 m

Clarkson

P

16810 kw

Clarkson

Vref

14 knots

Clarkson

𝐹𝑐 (Fuel oil Tank
capacity)
CH (𝐿𝐻2 )

6352 𝑚3

Clarkson

438.73

Table 16

CH (𝐶𝐻2 )

381.99

Table 16

d (distance)

2981 nm
(Route 3)
2.9698

VesselFinder

7000

Table 18

PW (𝑣 = 11)

0.21438763

Table 19

PW (𝑣 = 13)

0.27105606

Table 19

H
Aws

100

Table 17

At speed 11 and storing 𝐿𝐻2 :
WSH =

11
)+(299.7∗50∗2.9698∗0.00125)+(7000∗0.21438763)
2981
16810∗113

143 ∗[(6352∗438.73∗

= 1.45205184

WSH > 1 Applicable

At speed 11 and storing 𝐶𝐻2 :
WSH =

11
)+(299.7∗50∗2.9698∗0.00125)+(7000∗0.21438763)
2981
16810∗113

143 ∗[(6352∗381.99∗

= 1.28894624

WSH > 1 Applicable

At speed 13 and storing 𝐿𝐻2 :
WSH =

13
)+(299.7∗50∗2.9698∗0.00125)+(7000∗0.27105606)
2981
16810∗133

143 ∗[(6352∗438.73∗

= 1.0480832

WSH > 1 Applicable

At speed 13 and storing 𝐶𝐻2 :
WSH =

13
)+(299.7∗50∗2.9698∗0.00125)+(7000∗0.27105606)
2981
16810∗133

143 ∗[(6352∗381.99∗

WSH < 1 Inapplicable

Vessel 3:

101

= 0.93130345

Parameter

Value

Source

L

190 m

Clarkson

B

32.26 m

Clarkson

P (power)

8890 kw

Clarkson

Vref

14 knots

Clarkson

𝐹𝑐 (Fuel oil Tank
capacity)
CH (𝐿𝐻2 )

2478 𝑚3

Clarkson

438.73

Table 16

381.99

Table 16

4861
(Route 5)
5.0782

VesselFinder

2400

Table 18

PW (𝑣 = 11)

0.22791856

Table 19

PW (𝑣 = 13)

0.30887832

Table 19

CH (𝐶𝐻2 )
d (Distance)
H
Aws

102

Table 17

At speed 11 and storing 𝐿𝐻2 :
WSH =

11
)+(190∗32.26∗5.0782∗0.00125)+(2400∗0.22791856)
4861
8890∗113

143 ∗[(2478∗438.73∗

= 0.70639304

WSH < 1 Inapplicable

At speed 11 and storing 𝐶𝐻2 :
WSH =

11
)+(190∗32.26∗5.0782∗0.00125)+(2400∗0.22791856)
4861
8890∗113

143 ∗[(2478∗381.99∗

= 0.63260908

WSH < 1 Inapplicable

At speed 13 and storing 𝐿𝐻2 :
WSH =

13
)+(190∗32.26∗5.0782∗0.00125)+(2400∗0.30887832)
4861
8890∗133

143 ∗[(2478∗438.73∗

= 0.51809225

WSH < 1 Inapplicable

At speed 13 and storing 𝐶𝐻2 :
WSH =

13
)+(190∗32.26∗5.0782∗0.00125)+(2400∗0.30887832)
4861
8890∗133

143 ∗[(2478∗381.99∗

WSH < 1 Inapplicable
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= 0.46526467

